Abstract-pH-sensitive hydrogels are suitable candidates for oral delivery of therapeutic peptides and proteins, due to their ability to respond to environmental pH changes. New pH-sensitive glycopolymers have been developed by free-radical photopolymerization of methacrylic acid and 2-methacryloxyethyl glucoside, using tetra(ethylene glycol) dimethacrylate as a cross-linking agent. To determine the suitability of these hydrogels as carriers for oral drug delivery devices, their swelling behavior was investigated as a function of the pH and copolymer compositions, and various structural parameters such as the number-average molecular weight between cross-links, M c , the mesh size, » , and the cross-linking density, ½x, were calculated. The transition between the swollen and the collapsed states of these hydrogels was at a pH of 5. The swelling ratios of the hydrogels increased at pH values above 5. The mesh sizes of the hydrogels were between 18 and 35 Å in the collapsed state (at pH 2.2) and between 70 and 111 Å in the swollen state (at pH 7.0). Finally, as the cross-linking ratio of the copolymer increased, the swelling ratio of the hydrogels decreased at both pH 2.2 and 7.0.
INTRODUCTION
Hydrogels are three-dimensiona l polymer networks that are capable of absorbing large amounts of water or aqueous solvent, yet are insoluble because of the presence of cross-links, entanglements, or crystalline regions [1] . Depending on the nature of the side groups along the polymer chains, hydrogels have the ability to respond to their environmental changes such as pH, ionic strength, temperature, or speci c chemical compounds [2 -4] . In recent years, these stimulus-sensitiv e hydrogels have become increasingly important carriers for the development of drug delivery devices [5 -7] . Because of their pH-dependent swelling behavior, pH-sensitive hydrogels are especially suitable as carriers for oral protein delivery systems [8 -10] . In the acidic environment of the stomach, these gels are in the collapsed state. Therefore, proteins incorporated in the gels are protected, while in the basic and neutral environments of the intestine, the gels are swollen and proteins are released [11, 12] .
In this work, we were interested in pH-sensitive glycopolymers as oral protein delivery carriers. Glycopolymers are synthetic polymers containing pendent mono-, oligo-, or poly-saccharides . Because of the nature of saccharides, such as their good biocompatibilit y and molecular recognition, glycopolymer hydrogels have attracted considerable interest in biotechnologica l and biomedical applications such as superabsorbents , cell and protein separations, cell culture, biosensors, and drug delivery [13, 14] . In addition, several studies have reported that sugars can stabilize different proteins by a 'preferential hydration' mechanism [15, 16] , while glucose can prevent the aggregation of proteins including insulin [17, 18] . Therefore, the use of glucose-containin g hydrogels as protein delivery carriers may result in the biological activity of proteins in the hydrogels being maintained, since the presence of enriched sugar moieties in the vicinity of the protein creates a thermodynamicall y favorable aqueous environment for native proteins, while at the same time it increases the permeability of proteins through the intestinal wall by preventing aggregation.
In this work, pH-sensitive hydrogels containing glucose were prepared by freeradical photopolymerizatio n of methacrylic acid and 2-methacryloxyethy l glucoside, using tetra(ethylene glycol) dimethacrylate as a cross-linkin g agent. To determine the suitabilit y of these hydrogels as carriers for oral drug delivery, swelling behavior as a function of the pH and copolymer composition s was investigated.
EXPERIMENTAL

Hydrogel synthesis
Copolymers of methacrylic acid (MAA) and 2-methacryloxyethy l glucoside (MEG), hereafter designated as P(MAA-co-MEG), were prepared by free-radical photopolymerization . MAA (Polysciences, Warrington, PA, USA) was distilled under vacuum prior to use in order to remove the inhibitor, while MEG (Polysciences, Warrington, PA, USA) was used as received. Tetra(ethylene glycol) dimethacrylate (TEGDMA; Polysciences, Warrington, PA, USA) was used as a cross-linkin g agent without further puri cation. 1-Hydroxycyclohexy l phenyl ketone (Ciba, Tarrytown, NY, USA) was used as a UV-light sensitive initiator. Figure 1 represents the synthesis of the P(MAA-co-MEG) hydrogels.
Monomers with molar feed composition s of 1 : 0, 1 : 1, 1 : 2, and 1 : 4 MEG : MAA were mixed and the cross-linking agent, TEGDMA, was added in the amount of 1.2, 3.0, and 6.0 mol% of total monomers. The initiator was added in the amount of 0.1 wt% of the total monomers and the resulting mixtures were diluted to 60 wt% of the total monomers with a 1 : 1 mixture by weight of ethanol and water. Nitrogen was bubbled through the mixture for 15 min to remove dissolved oxygen that would act as an inhibitor for the reaction. The mixture was cast between glass slides (size 75 £ 50 £ 1 mm) and exposed to UV light (intensity 15:0 § 0:5 mW/cm 2 / for 30 min in a nitrogen environment. The resulting hydrogel lms were cut into disks of 1 cm diameter and placed in deionized water for 7 days; the water was changed every 12 h to remove any unreacted monomers, cross-linkin g agents, and initiators. The disks were then dried in air for 1 day and placed in a vacuum oven at 25 ± C until their weight remained constant within 0.1 wt% over 24 h. Subsequently, the hydrogel disks were stored in a desiccator for future use.
Swelling studies
To determine relevant swelling properties, the dried hydrogel disks were weighed in air and in n-heptane and then placed in phosphate -citrate buffer solutions of pH values between 2.2 and 8.0 at 37 ± C. The ionic strength of each buffer solution was adjusted to 0.5 M by the addition of KCl. After swelling, the samples were taken out of the buffer solutions and weighed in air and in n-heptane. The equilibrium weight swelling ratio, q, and the equilibrium volume swelling ratio, Q, were calculated using equations (1) and (2):
Here, W s is the weight of the swollen hydrogel and W d is the weight of the initially dry hydrogel. Also,
where, V s is the volume of the swollen hydrogel and V d is the volume of the initially dry hydrogel. The volume of the hydrogel in the swollen or dry state was obtained by determining its weight in air and in n-heptane, a non-solvent for the polymer, and calculated using the buoyancy principle with equation (3):
Here, V is the volume of the polymer, W a is the weight of the polymer in air, W h is the weight of the polymer in n-heptane, and ½ h is the density of n-heptane (D 0:684 g/ cm 3 /.
RESULTS AND DISCUSSION
In general, pH-dependent hydrogels have ionizable functional groups on the polymer backbone or the side chains. The pH-dependent swelling behavior results from the ionization or deionization of the functional groups responding to the external environment pH changes. Here, MAA was added to provide pH sensitivit y to the hydrogels. The equilibrium swelling ratio of the hydrogels describes the amount of water within the hydrogel at equilibrium and is a function of the network structure, the cross-linkin g ratio, hydrophilicit y, and the degree of ionization of the functional groups. Therefore, investigation of the equilibrium swelling ratio can elucidate the network structure and the degree of ionization of the functional groups that interact with the external environment. In all samples, the swelling weight reached equilibrium after 6 h since then the weight remained constant within 0.1 wt%. Figure 2 shows the equilibrium weight swelling ratios of PMEG and P(MAA-co-MEG) with 1 : 1 MEG : MAA hydrogels as a function of the pH ranging from 2.2 to 8.0. As the PMEG hydrogels contained no ionizable functional groups, their swelling behavior was essentially independent of the pH. However, the incorporation of MAA in these hydrogels resulted in a typical pH-sensitive swelling behavior of anionic hydrogels, i.e. low swelling ratios at low pH and high swelling ratios at high pH. There was a drastic change in the equilibrium swelling ratio of P(MAA-co-MEG) hydrogels at a pH of about 5, which is the pK a of PMAA. Below pH 5, the hydrogels were in a relatively collapsed state. Above pH 5, the hydrogels swelled to 14 -16 times the initial dry weight. This sharp transition between the collapsed and the swollen states indicates that this system can swell and collapse rapidly, responding to their environmental pH changes; this behavior is favorable towards an on -off mechanism of release. Thus, if the pH of the microenvironment of the gel is very close to the transition, a very small increase of the pH can induce the gels to swell completely, leading to release of the drug through the network.
The effect of the MAA content in the feed monomer mixtures and of the pH of the surrounding medium on the swelling behavior is shown in Figs 3 and 4. As expected, both the equilibrium weight swelling ratio q (Fig. 3) and the equilibrium volume swelling ratio Q (Fig. 4) of the hydrogels increased above pH 5, but decreased below pH 5 with increasing incorporation of MAA. This is because the increase of MAA content in the hydrogels provides more hydrogen bonds at low pH and more electrostatic repulsion at high pH. In other words, the swelling behavior of the hydrogels became more dependent on the pH change with the MAA content in the hydrogels. For instance, the equilibrium weight swelling ratio of the hydrogel with 1 : 4 MEG : MAA increased six times at pH 8.0 from that at pH 2.2, while the swelling ratio of the hydrogel with 1 : 1 MEG : MAA increased three times. As a result of the increase or decrease of swelling ratio depending on the environmental pH, we can expect the mesh size of the network also to increase or decrease considerably. The swelling ratio change of P(MAA-co-MEG) translates into a change in the mesh size of the gel. In order to calculate the mesh size from the equilibrium swelling data, the Peppas-Merrill equation [19] was used to determine the number-average molecular weight between cross-links, M c :
where M n is the number-average molecular weight of the uncross-linke d polymer, À is the speci c volume of the polymer, V 1 is the molar volume of the swelling medium (D 18 cm 3 /mol for water), À 2;r is the polymer volume fraction after crosslinking but prior to swelling (the relaxed polymer volume fraction), À 2;s is the polymer volume fraction after equilibrium swelling (the swollen polymer volume fraction), and Â 1 is the Flory polymer -solvent interaction parameter (D 0:499) [20] . The values of À 2;r and À 2;s were etermined by using the following relationships :
From the molecular weight between cross-links, the number of links between two cross-links, n, was calculated as
where M r is the average molecular weight of the repeating unit. The value of the root mean squared end-to-end distance of the polymer chain in the freely jointed state was calculated using equation (8):
where`is the carbon -carbon bond length (D 1:54 Å). The root mean squared end-to-end distance of the polymer chain in the unperturbed state was calculated as
where C n is the Flory characteristic ratio or rigidity factor of the polymer, which is 14.6 in the case of a methacrylate chain. Finally, the mesh size of the polymer network, » , was determined from equation (10):
For the copolymers studied in this work, the value of M n was calculated from equation (11) [21] :
where M 0 is the molecular weight of the monomer; [M] is the average monomer concentration; k p is the rate constant for propagation (D 670 l/mol/s) [22] ; k t is the rate constant for termination (D 2:1 £ 10 6 l/mol/ s) [22] ; Á is the quantum yield for initiation, which describes the ef ciency of radicals in initiating polymerization ; and I a is the light intensity absorbed by the reaction system in moles (called Einsteins in photochemistry ) of light quanta per liter-second.
However, the mesh size from this calculation gave an estimated result because some of the values used in the equations were assumed, since the exact values for PMEG were not known; also, these equations did not take into account the effect of the pendent glucose. However, even though these values are approximate, they indicate the effect of pH and MAA content on the mesh size and it can be expected that the effective area for diffusion is smaller, because of the presence of the pendent glucose that needs to be accommodated in the same area. Table 1 lists the mesh size of the various hydrogels. The mesh sizes were very small (18 -35 Å) in the collapsed states at pH 2.2 and very large (70-111 Å) in the swollen states at pH 7.0 and increased between two and six times during the swelling process. This suggests, therefore, that the diffusion of solute through the polymer network would be greatly enhanced by the swelling process. As the content of MAA in the feed monomers increased, the mesh size decreased at pH 2.2, while it increased at pH 7.0. The reason for this is that there are more carboxylic acid groups forming hydrogen bonds at low pH and electrostatic repulsion at high pH when the content of MAA increased in the polymer networks. The cross-linkin g density, ½ x , was calculated from equation (12): Table 2 lists the molecular weight between cross-links and the cross-linkin g density for the hydrogel samples. As the content of MAA in the feed monomers increased, the molecular weight between the cross-links decreased, but the cross- linking density increased at pH 2.2, while at pH 7.0 there was no signi cant difference in M c and ½ x . Figure 5 demonstrates the effect of the cross-linkin g ratio of the copolymer on the swelling behavior of the hydrogels. Hydrogels having a cross-linking ratio, X, of 1.2, 3.0, and 6.0 mol% of monomers were equilibrated in pH 2.2 and 7.0 buffer solutions . As the cross-linkin g ratio of copolymer increased, the swelling ratio of the hydrogels decreased at both pH 2.2 and pH 7.0. In addition, the difference of the swelling ratio between pH 2.2 and 7.0 decreased with the cross-linking ratio. It is evident that the equilibrium swelling ratio can be affected by the cross-linking ratio of the network. 
CONCLUSIONS
pH-sensitive hydrogels containing pendent glucose were synthesized by free-radical photopolymerization . Incorporation of MAA made the hydrogels pH-dependent and the transition between the swollen and the collapsed states occurred at a pH of 5. The swelling ratios of the hydrogels increased at pH values above 5, but decreased at pH values below 5 with increasing incorporation of MAA. Various structural parameters such as the number-average molecular weight between crosslinks, M c , the mesh size, » , and the crosslinking density, ½ x , were calculated. The mesh sizes of the hydrogels were very small (18-35 Å) in the collapsed states at pH 2.2 and very large (70-111 Å) in the swollen states at pH 7.0 and increased between two and six times during the swelling process. In addition, as the content of MAA in the feed monomers increased, the mesh size decreased at pH 2.2 but increased at pH 7.0. When the cross-linkin g ratio of the copolymer increased, the swelling ratio of the hydrogels decreased at both pH 2.2 and pH 7.0. The pH-dependent swelling characteristics of these hydrogels are useful for the development of oral protein delivery carriers.
